Background: Kidney donor outcomes are gaining attention, particularly as donor eligibility criteria continue to expand. Kidney size, a useful predictor of recipient kidney function, also likely correlates with donor outcomes. Although donor evaluation includes donor kidney size measurements, the association between kidney size and outcomes are poorly defined.
Introduction
Living donor kidney function evaluation, primarily focused on recipient outcomes and allograft function, has been studied extensively [1, 2] . Greater attention is being dedicated to the long-term welfare of donors [3] [4] [5] , particularly as the kidney donor eligibility criteria continue to expand, with growing interest in donor survival or cardiovascular events, kidney function, blood pressure (BP) [6, 7] and proteinuria [8] , which have been found to be comparable to that of the general population using national mortality averages [9] [10] [11] [12] .
In most transplant centers, donor evaluation includes computed tomographic (CT) angiography to define renal anatomy where kidney sizes can be non-invasively assessed [13, 14] . Transplant donor's size (length, weight or volume) is often cited as a predictive factor for recipient allograft function [15] [16] [17] but likely also predicts donor outcomes including donor kidney function [18] . Recent publications seem to favor total kidney volume [16] or cortical volume [19] in living donor transplantation. Not only has volumetric measurement of the donor kidneys been shown to be a useful predictor of recipient kidney function [1, 2, 20, 21] , but also it may correlate with donor kidney function and possibly with outcomes [16, 22, 23] . We examined the relationship between kidney size [adjusted for patient size using body surface area (BSA)] and renal outcomes including kidney function ( pre-and post-donation), longer-term estimated glomerular filtration rate (eGFR) decline, hypertension, proteinuria, cardiovascular events and death.
Materials and methods
Ninety-five potential living kidney transplant donors undergoing scheduled outpatient CT angiography of the kidneys were identified from Rhode Island Hospital between 2009 and 2013 from chart review. For the kidney volume assessment, 10 of 95 identified patients were excluded due to lack of laboratory data or CT angiography, resulting in a total of 85 remaining living donors.
Demographic data (age, gender, race, height and weight), comorbid conditions, medications, creatinine, urinalysis and urine protein quantification, eGFR by the CKD Epidemiology Collaboration (CKD-EPI) equation [24] and blood pressures (BPs) were obtained. Patients were considered to have hypertension if BP exceeded 140/90 mmHg, or were taking antihypertensive medications. Albuminuria >30 mg/g (urine albumin/creatinine) and proteinuria (urine protein/creatinine) >150 mg/g or mg/24 h were defined to be abnormal.
Helical CT angiography of the kidneys for living donor kidney transplantation was performed pre-donation on the same 64-detector row CT scanner. Post-contrast imaging was obtained in the corticomedullary phase after intravenous administration of 100 mL of iohexol (350 mg/mL iodine) at 4 mL/s using smart-prep.
Total renal volumes were calculated from the 3D volume-rendered images. Segmented cortical volumes were calculated on the CT workstation using manual thresholding with a value that differentiated enhancing cortex from the medulla and collecting system (average of 118 Hounsfield Units, HU; range 88-173 HU). Results of each kidney were summed for calculation of cortical volumes for each patient. Renal lengths were also measured as the greatest bipolar dimension obtained from the 3D volume-rendered images. Transplant donor's kidney sizes were measured prior to donor nephrectomy.
Kidney size-dependent donor outcomes including creatinine, CKD-EPI eGFR and renal recovery post-nephrectomy (time to eGFR ≥60 mL/min/1.73 m 2 ) were assessed. We examined the relationship of baseline kidney function (creatinine and eGFR), initial post-operative kidney function and post-operative renal recovery to (the non-resected) kidney size. Kidney size divided by BSA (m  2 ) to proportionally adjust for patient size was then categorized (given their nonlinear relationship) into quartile groups (A-D according ascending kidney size) as detailed in the tables and figures for total volume/BSA, cortical volume/BSA and length/BSA. Creatinine and eGFR were estimated by the Y-intercept, and post-nephrectomy renal recovery rate by the slope obtained from post-operative days 1 through 28. Lastly, the likelihood of achieving eGFR ≥60 mL/min/1.73 m 2 from nadir eGFR post-nephrectomy was assessed by survival analysis according to kidney size. BSA was calculated using the formula of DuBois and DuBois [25] . Systolic and diastolic BP changes, new-onset hypertension, presence of proteinuria, cardiovascular events and death were also recorded. Study protocol was approved by the Lifespan Institutional Review Board.
Analyses were carried out using SAS version 9.3 (The SAS Institute, Cary, NC, USA). Creatinine and eGFR were normally distributed and analyzed using general linear models (ANOVA and regression). Measures were expressed as mean ± standard error unless otherwise indicated. Time-to-event data was analyzed using the Kaplan-Meier method to estimate survival function, censoring when patients were lost to follow-up (zero mortality), and comparing survival estimates using Wilcoxon weighting. Post hoc comparisons were carried out using the Tukey-Kramer (Kaplan-Meier Survival Analyses) or Holm Test (generalized linear models).
Results

Baseline characteristics and post-nephrectomy renal function
A cohort of 85 potential living kidney transplantation donors undergoing scheduled outpatient renal CT angiography were retrospectively followed for a mean of 21 ± 11 (median 24) months. No donors had proteinuria or diabetes mellitus and 8% had well-controlled hypertension on medication without other comorbidities. Left-sided nephrectomy (smaller kidney) was performed for the majority (82%) unless surgical factors or size favored right-sided nephrectomy. Split renal function assessments were not routinely performed for donor evaluation. The mean total and cortical kidney volume for the non-resected kidney were 163 ± 33 mL (mean ± standard deviation) and 104 ± 23 mL, respectively. The non-resected kidney length was on average 10.9 ± 1.0 cm. The percentage of the non-resected total kidney volume was on average 51 ± 2% (range 42-54) of the pre-donation bilateral volume and only two patients were <45%. Additional baseline characteristics are outlined in Table 1 .
Baseline characteristics for the donor groups divided according to kidney size adjusted for BSA (in quartiles) were not significantly different from each other except for age. For both total volume/BSA and cortical volume/BSA, the smallest group A had higher mean age in years (total volume/BSA-A: 50.7 ± 2.2 versus B: 41.1 ± 2.6, C: 43.3 ± 2.0 and D: 44.0 ± 2.1; cortical volume/BSA-A: 52.5 ± 1.9 versus B: 43.6 ± 2.6, C: 42.3 ± 2.3 and D: 41.4 ± 2.2). For length/BSA, age was greatest for group B: 49.6 ± 1.8 versus group A: 45.3 ± 2.6, C: 43.3 ± 2.4 and D: 41.8 ± 2.1. Gender distribution was similar between groups except for length/BSA where group C had a lower distribution of men (C 17% versus A, B, D with 22%, P <0.05 for all comparisons). Only 7% (6/85) of the whole cohort were reported as black and 5% other (Asian and Hispanic); therefore, race was not considered in the subgroup comparisons.
Donor kidney function changed from the baseline mean serum creatinine of 0.79 ± 0.14 mg/dL (eGFR by the CKD-EPI equation 102 ± 17 mL/min/1.73 m 2 ) to a peak creatinine of 1.35 ± 0.28 mg/dL (eGFR 56.6 ± 13.6 mL/min/1.73 m 2 ), which fell to 1.09 ± 0.20 mg/dL (mean eGFR 69.6 ± 15.6 mL/min/1.73 m 2 ) at the 2-year follow-up. eGFR increased by 21% at 1 year and 26% at 2 years from nadir eGFR post-nephrectomy (equivalent to 67% of the pre-donation eGFR). All donors had eGFR ≥60 mL/min/1.73 m 2 prior to nephrectomy. Immediately after nephrectomy, the majority (72%) had an eGFR <60 mL/min/1.73 m 2 , which fell to 41% and 30% of donors by the 1-year and the 2-year follow-up.
Baseline kidney function and size
Kidney size adjusted by patient BSA generally correlated with kidney function (Table 2) . Cortical volume/BSA was inversely related to baseline creatinine, where the largest cortical volume/ BSA group D had the lowest creatinine compared with the smaller-sized group B as detailed. In fact, length/BSA correlated strongly with baseline creatinine, where the smallest length group A had the highest average creatinine compared with the other groups (B-D). Baseline creatinine for group B was also significantly higher than for group D. This relationship was not seen between total volume/BSA and baseline creatinine.
The association between kidney function and kidney size was more apparent with baseline eGFR, which correlated positively with total volume/BSA; group A had a lower mean eGFR compared with that for groups B, C and D. Similarly, cortical volume/BSA was also associated with baseline eGFR, where the smallest group A had lower eGFR compared with groups C and D. The largest group D had eGFR significantly greater than the smaller groups A and B. Moreover, longer length/BSA in group D was likewise significantly associated with higher baseline eGFR than that for the smaller groups A and B.
Post-nephrectomy kidney function and size
Post-operative kidney function significantly differed according to kidney size when adjusted for patient size (Table 3) . Although Table 3 . The rate of change of eGFR (slope of eGFR rise) was not determined by kidney size with any measure of kidney size when it was adjusted by BSA. Notably, the largest total volume/BSA group D not only started with a higher baseline eGFR but also with a higher initial post-operative eGFR as discussed earlier. This was also true for BSA-adjusted cortical volume and length.
Post-nephrectomy achievement of eGFR
Blood pressure, proteinuria, cardiovascular disease events and mortality Seven donors had pre-existing well-controlled hypertension and only one donor developed new hypertension requiring antihypertensive medication. Neither systolic nor diastolic BPs changed significantly over a mean follow-up of 22 months. No donor had subsequent proteinuria as assessed by follow-up urinalyses. There were no cardiovascular events or death for the duration of follow-up. The association of outcomes and kidney size could not be properly assessed given the exceedingly low event rate.
Discussion
Previous studies have primarily evaluated baseline donor kidney function related to kidney size. This study examined post-operative renal recovery and longer-term kidney function (eGFR). We found that BSA-corrected kidney size was not only associated with baseline kidney function but also determined post-nephrectomy kidney function. Kidney size did not determine the slope of Comparisons of only indicated groups were significant.
eGFR recovery. Instead, ability to achieve post-nephrectomy eGFR ≥60 mL/min/1.73 m 2 appeared to be primarily related to baseline and initial post-nephrectomy eGFR.
Baseline donor kidney function and kidney size
We found that, for total volume/BSA, the smallest kidney-sized group A had the worst kidney function (eGFR), seemingly with a threshold effect for those with total volume/BSA <78.7 mL/m 2 .
For cortical volume/BSA, the smaller-sized groups A and B versus C and D had the worse kidney function (eGFR) again, with likely a threshold cortical volume/BSA ≤57.5 mL/m 2 . Similar association of better kidney function was also seen with kidneys of longest length/BSA (group D versus A and B) once length/BSA reached ≥6.5 cm/m 2 ( Table 2 ). For total volume/BSA assessment, the older age observed in group A may explain the association of kidney function and size. A large study of 1344 potential kidney donors found significant association of cortical volume with age and gender [26] . However, age did not explain the association of kidney size and function for cortical volume/BSA and length/BSA assessments. Age has been shown to determine kidney function, but acceleration of GFR decline generally occurs by the sixth to seventh decade of life [27] . Our study cohort had a narrow age range (45 ± 10 years) and its impact on size and kidney function 
measures are arguably minimal. However, the influence of age on outcomes according to kidney size groups should be taken into consideration. A direct relationship has been shown pre-surgery or at the time of donation between measured GFR and renal parenchymal volume [26, 28] and with total kidney volume [23] from CT angiography, but without further follow-up. Similarly, total kidney volume, parenchymal renal volume and even length using ultrasound have also been shown to correlate with measured GFR (again assessed only at baseline) among potential living donors, actual donors and recipients [15, 29, 30] , although others have not demonstrated a significant relationship between kidney volume and baseline eGFR [31] . Most studies did not examine the relationship of kidney size and kidney function over time (post-operatively or longer-term), and they did not adjust kidney size for patient size.
Post-nephrectomy donor kidney function recovery and size
We have long known that the GFR decline post donation does not return exactly to pre-donation GFR levels [32] . Donor kidney function among kidney transplant donors typically declines acutely after donation and then improves rapidly, reported as early as 3 days after nephrectomy [22] . In an observational cohort of 84 donors, 24.4% progressed to 'stage 3 CKD' with a mean followup of 6.4 years [33] . We found kidney function decline, with as many as 72% having eGFR <60 mL/min/1.73 m 2 immediately post-nephrectomy, which then improved but still with 30% having eGFR <60 mL/min/1.73 m 2 by 2 years of follow-up. At the end of follow-up, eGFR fell on average to approximately 38% from baseline, which is comparable to reported 30-40% deviations from pre-donation GFR [19, 34, 35] . Our results suggested that initial post-operative creatinine and eGFR (in addition to baseline values) were also determined by kidney size when adjusted for BSA as presented in Table 3 . Beyond initial post-nephrectomy factors, we found that once kidney size was adjusted for BSA, the rate of kidney function change (slope) over 28 days was not related to size with any clear pattern. However, those with larger kidney size recovered earlier after nephrectomy, presumably because they started with greater kidney function. Increased renal perfusion and hypertrophy of the kidney have been shown to correspond to an increase in renal cortical volume [19] . Others have reported less hypertrophy among those with larger kidneys [22] and after adjustment of kidney size with BSA [36] . This may explain the loss of association between kidney size and post-nephrectomy renal recovery rate (slope) once adjusted for BSA in our cohort. Possibly, larger kidneys have hypertrophied pre-donation limiting capacity for additional hypertrophy after donation.
The more commonly cited factors for rate of renal recovery include age [22, 34] , gender [22] and body mass index [34] . Patients who were younger [22, 34] , male [22] and non-obese [34] had a more rapid rate of recovery, whereas tobacco use, hypertension and proteinuria [22] adversely affected GFR recovery after donation. Our donor population tended to be younger, mostly white and female. Although there were some differences for baseline characteristics of age across groups divided in quartiles, the kidney size and function associations remained significant across groups where there were no differences in age. Age alone did not appear to explain this association. We accounted for patient size and gender with division by BSA. Only seven were hypertensive and none had significant proteinuria in our cohort of donors.
Others have reported a pre-operative measure of GFR <82 mL/ min/1.72 m 2 as a predictor of donor CKD [33] , and rate of renal recovery among transplant donors has been mostly explored generally [22, 23, 28, 37] but not according to kidney size. Although preserved kidney volume has been identified as a predictor of donor eGFR 6 months [36] and 1 year after donation [38] by multivariate logistic regression analysis, no study to our knowledge has examined how kidney size determines rate of renal recovery and the risk of non-recovery to an eGFR ≥60 mL/min/1.73 m 2 post-nephrectomy. 
other outcomes and kidney size
Given the correlation of kidney size with baseline kidney function [19, 23] , kidney size likely also determines longer-term eGFR. Our results indicated that donors with larger total, cortical volume and length corrected for BSA were more likely to achieve eGFR ≥60 mL/min/1.73 m 2 from nadir post-nephrectomy eGFR with a shorter median time to recovery (Figures 1-3 ). This may be primarily explained by greater pre-donation eGFR and associated higher post-operative eGFR, but not by the rate of eGFR rise as the slope of eGFR decline was no different among groups. In a study of 45 donors, those who were able to increase renal plasma volume (measured by magnetic resonance imaging) by more than 20% after 7 days were more likely to have greater eGFR (CockroftGault) adaptation after 1 year and had associated increase of renal blood flow of 25-32% within 1 week [22] . This group also started with a higher eGFR prior to kidney donation [22] . Surprisingly, the group with more rapid eGFR adaptation had on average smaller kidneys, which increased in size with greater magnitude [22] . The incidence of new-onset proteinuria and hypertension was exceedingly low and there were no cardiovascular events or death during the short follow-up duration for this study. These limitations did not allow for risk assessment of kidney size for these outcomes; however, there was no difference in these events with respect to kidney size. Reported albuminuria between donors and matched controls from the general population have been similar [11] , but donor risk of proteinuria increased with time [39] . Hypertension risk among donors was also variable [40] . A meta-analysis found that donor BPs were 5 mmHg higher than that of the control group [41] , but without greater risk of GFR decline, end-stage renal disease or mortality over long-term follow-up [11] . No study has examined the impact of kidney size on these outcomes.
In conclusion, we have found that kidney size corrected for BSA determined post-nephrectomy donor eGFR. Donors with larger kidneys were more likely to achieve freedom from an eGFR <60 mL/min/1.73 m 2 post-nephrectomy over a median of 2 years and had shorter duration of renal recovery primarily due to higher pre-donation and initial post-nephrectomy eGFRs.
